Abstract. Eddy currents in a constriction placed in a two-dimensional electron gas (2DEG) have been experimentally studied.
Introduction
A two-dimensional electron gas (2DEG) in the quantum Hall effect (QHE) regime demonstrates nonequilibrium state, manifested itself in hysteretic behavior of different 2DEG characteristics, such as magnetization [1] , charge [2, 3] , local electrostatic potential [4, 5] as a function of magnetic field in condition of σ xx =0. For a long time this nonequilibrium state remained unnoticed in transport experiments. Recently this state has been revealed and investigated in conventional magnetoresistance measurements in the simple system -2DEG with a constriction [6, 7, 8, 9, 10] .
Such unusual behavior is explained by long-lived nonequilibrium currents of magnetization, induced in a 2DEG, that are often referred to as eddy currents. The term "eddy currents" designates currents induced in a conductor by sweep of the magnetic field. However it has been shown in Refs. [11, 12] that the same currents, responsible for the nonequilibrium magnetization of a 2DEG, can be induced by the sweep of the gate voltage as well as the sweep of the magnetic field. Therefore in Refs. [11, 12] they are referred to as "nonequilibrium currents". This term is more general and emphasizes their nonequilibrium nature.
One of the most important unsolved problems is the problem of eddy currents spatial distribution. In the QHE regime the 2DEG bulk is occupied by incompressible electron liquid and the magnetic field sweep induces charge transfer between the bulk and the edge [13] that in its turn establishes radial electric field which generates large azimuthal eddy currents in diskshaped 2DEG. In Ref. [14] these eddy currents are assumed to be distributed over the whole plane of a 2DEG, while Ref. [5] where the distribution of local electrostatic potential has been experimentally studied points rather to the edge nature of eddy currents.
It has been shown that the magnetoresistance of a constriction placed in the 2DEG bath demonstrates hysteretic behavior in magnetic field. The dependence of hysteresis of the magnetoresistance on the constriction width has been experimentally studied. It has been found that the hysteresis vanishes at certain critical width. This points to the edge nature of eddy currents. The obtained experimental results allow us to define the width of the area, where eddy current is located. This area width has been found to be about 0.5 µm.
Experimental details
Experimental samples have been fabricated on the basis of GaAs/AlGaAs heterojunction, containing a 2DEG grown by means of molecular-beam epitaxy. The heterostructure with 2DEG is presented in Figure 1 . The electron mobility is 0.8×10 6 cm 2 /(V·s) and the 2DEG density is 1.8÷2.2×10 11 cm −2 at 4.2 K. Figure 2 . Such samples allow measuring the Hall resistance of the macroscopic 2DEG as well as longitudinal magnetoresistance of constrictions. All the constrictions have a length 0.6 µm which is much less than the electron mean free path at given 2DEG parameters.
The measurements were carried out by means of lock-in technique in the linear response regime on the alternating current of the magnitude 10 nA and the frequency 7 Hz at temperature of 0.48 K. The magnetic field was directed perpendicularly to the 2DEG plane and covered a range 0÷11 T. The magnetic field sweep rate in the experiment was 0.01 T/s.
Experimental results and discussion
All the constrictions have low resistance ranged from 0.2 kΩ to 0.8 kΩ at zero magnetic field and demonstrate QHE regime in high magnetic field.
The minima of the constriction magnetoresistance is shifted to the lowest field relative to the centers of the Hall plateau of a macroscopic 2DEG (Fig. 3) . It can be attributed to the difference between the electron density in the constrictions and that of the macroscopic 2DEG. This difference reached 10%.
The hysteresis of magnetoresistance of all the constrictions have been observed at the filling factors ν = 1, 2 and 4 of the macroscopic 2DEG (Fig. 3) . The hysteresis is practically independent on sweep rate. The increase of sweep rate in 30 times does not cause any significant change in the hysteresis [7] . Figure 4 shows the hysteresis loop area as a function of the lithographic constriction width at filling factors ν =1 and 2. The experimental points are well fitted by straight lines. One can see that the loop area decreases with increasing width and vanishes at certain critical width. Moreover these critical widths coincide for both filling factors and is about 1.35 µm. Note that the slope of the dependence for ν = 1 is 4 times steeper than that for ν = 2 with a good accuracy.
The nonequilibrium state is not observable in transport measurements in a wide Hall bar. A constriction brings together the opposite 2DEG edges and makes eddy currents propagating in opposite directions to interact. If the eddy currents are distributed over the whole plane of a 2DEG, we would not observe such the clear cut-off in the dependence. The found threshold width points to edge nature of eddy currents.
To estimate lateral width of eddy currents the depletion width W depl should be determined. The effective width of the conductive channel is W ef f = W − 2 × W depl . Due to the fact that the electron mean free path (∼ 5 µm) is much larger than the constriction length (0.6 µm) the constrictions could be considered as quantum point contacts and their conductance could be found from the equation:
Taking into account the constrictions resistance at zero magnetic field it has been found that the effective width W ef f is about 0.4 µm less than the lithographic width W for all the 
This gives W EC ≈0.5 µm for the studied samples. It is well known that magnetic field sweep generates azimuthal electric field, which in its turn in the condition of σ xx = 0 induces the charge transfer between the bulk and the edge [13, 3] . Thereby, the area of incompressible liquid is changed: it increases with decreasing the magnetic field and decreases with increasing the magnetic field. A constriction can be sensitive to such changes. Two different cases can be realized in the constriction at the same magnetic field:
(i) The area of incompressible liquid increases at down magnetic field sweep direction ( Fig. 5 (a) ). Edge currents in a constriction move away from each other, the backscattering is suppressed resulting in the resistivity decrease.
(ii) The area of incompressible liquid decreases at up magnetic field sweep direction (Fig. 5 (b) ). Edge currents in a constriction move toward each other, the backscattering increases resulting in the resistivity increase.
This can be considered as a topological transition. At ∂B/∂t < 0 the edge current transmits through the constriction forming the single loop and incompressible liquid forms simply connected space, while at ∂B/∂t > 0 edge current scatters in the constriction and incompressible liquid splits into two spaces divided by compressible strip in the constriction.
It should be noted that the measurements of hysteresis of conductance of quantum point contact [10] have been carried out in a tunnel regime. The QHE is not realized in the mentioned case. The hysteresis is observed on the background of large magnetoresistance. In this case there are no topological transitions in the constriction. Such measurements are not able to provide the information about spatial distribution of eddy current since eddy current does not transmit through the constriction.
The range of widths of the constrictions studied in present paper allows us to establish the edge nature of NECs and determine eddy currents area width. Figure 6 . The schematic representation of Hall liquid structure in the constriction at down (a) and up (b) magnetic field sweep direction.
Conclusions
The original and simple method of study eddy currents induced in a 2DEG in the QHE regime has been suggested. This method is based on conventional measurements of magnetoresistance of constriction placed in a 2DEG bath. It has been shown that the constriction width is a critical parameter responsible for the observation of the hysteresis. The hysteresis of magnetoresistance as a function of the constriction width has been studied. The found critical width points to edge nature of eddy currents. The results obtained in present paper as well as in Ref. [5] are the experimental evidence of the fact that eddy currents are induced in a narrow area along the edge rather than distributed over the whole plane of the 2DEG as it proposed in Ref. [14] . The found width of area in which the eddy currents are induced is about 0.5 µm.
